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Abstract

OBJECTIVES: Although the effect of ultraviolet radiation (UVR) on
human skin has been extensively studied, very little is known on
how UVR impacts on hair follicle (HF) homeostasis. Here, we inves-
tigated how solar spectrum UVR that hits the human skin surface
impacts on HF biology, and whether any detrimental effects can be
mitigated by a widely used cosmetic and nutraceutical ingredient,
caffeine.

METHODS: Human scalp skin with terminal HFs was irradiated
transepidermally ex vivo using either 10 J/em®> UVA (340-
440 nm) + 20 mJ/cm? UVB (290-320 nm) (low dose) or 50 J/cm?
UVA + 50 mJ/cm? UVB (high dose) and organ-cultured under
serum-free conditions for 1 or 3 days. 0.1% caffeine (5.15 mmol/L)
was topically applied for 3 days prior to UV exposure with 40 J/
cm? UVA + 40 mJ/cm? UVB and for 3 days after UVR. The effects
on various toxicity and vitality read-out parameters were measured
in defined skin and HF compartments.

RESULTS: Consistent with previous results, transepidermal UVR
exerted skin cytotoxicity and epidermal damage. Treatment with
high and/or low UVA+UVB doses also induced oxidative DNA dam-
age and cytotoxicity in human HFs. In addition, it decreased prolif-
eration and promoted apoptosis of HF outer root sheath (ORS) and
hair matrix (HM) keratinocytes, stimulated catagen development,
differentially regulated the expression of HF growth factors, and
induced perifollicular mast cell degranulation. UVR-mediated HF
damage was more severe after irradiation with high UVR dose and
reached also proximal HF compartments. The topical application of
0.1% catffeine did not induce skin or HF cytotoxicity and stimulated
the expression of IGF-1 in the proximal HF ORS. However, it pro-
moted keratinocyte apoptosis in selected HF compartments. More-
over, caffeine provided protection towards UVR-mediated HF
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cytotoxicity and dystrophy, keratinocyte apoptosis, and tendential
up-regulation of the catagen-promoting growth factor.
CONCLUSION: Our study highlights the clinical relevance of our
scalp UV irradiation ex vivo assay and provides the first evidence
that transepidermal UV radiation negatively affects important
human HF functions. This suggests that it is a sensible prophylactic
strategy to integrate agents such as caffeine that can act as HF
photoprotectants into sun-protective cosmeceutical and nutraceuti-
cal formulations.

Résumé

OBJECTIFS: Alors que l'effet de rayons ultraviolets (RUV) sur la
peau humaine a été largement étudié, on sait trés peu de choses de
I'impact des UV sur I'homéostasie du follicule pileux (FP). Ici, nous
avons étudié l'effet du spectre des RUV solaires qui atteignent la
surface de la peau humaine sur la biologie du FP, et si tout effet
nocif peut étre atténué par de la caféine, un ingrédient cosmétique
et neutraceutique largement utilisé.

METHODES: Une peau de cuir chevelu humain avec ses FP termi-
naux a été irradiée ex vivo via I'épiderme soit par 10 J/cm® d'UVA
(340-440 nm) + 20 mJ/cm®> d’'UVB (290-320 nm) (dose faible)
soit par 50 J/cm? d'UVA + 50 mJ/cm® d’'UVB (dose élevée) et
placée en culture sans sérum pendant 1 ou 3 jours. 0,1%
(5,15 mM) de caféine a été appliquée par voie topique pendant
3 jours avant lexposition aux UV & raison de 40 J/cm?
d’'UVA + 40 mJ/cm” UVB et pendant 3 jours apres I'exposition aux
RUV. Les effets sur divers parametres de toxicité et de vitalité ont
été mesurés au niveau de compartiments définis de la peau et des
FP.

RESULTATS: Cohérent avec les résultats précédents, les RUV
transépidermique ont exercé une cytotoxicité au niveau de la peau
et des lésions épidermiques. Le traitement par des doses élevées et/
ou faibles d'UVA+UVB a également induit des lésions oxydatives de
I’ADN et une cytotoxicité au niveau des FP humains. En outre, il a
diminué la prolifération et favorisé 'apoptose de la gaine externe
de la racine (ORS) du FP et des kératinocytes de la matrice des che-
veux (MC), a stimulé le développement de la phase catagene, a
régulé de maniere différentielle I'expression des facteurs de
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croissance des FP, et induit une dégranulation périfolliculaire des
mastocytes. Les lésions du FP médiées par les RUV étaient plus gra-
ves apres une irradiation par dose élevée de RUV et atteignaient
également les compartiments proximaux du FP. L'application topi-
que de 0,1 % de caféine n'a pas induit de cytotoxicité de la peau
ou du FP et a stimulé I'expression d'IGF-1 dans la partie proximale
de I'ORS du FP. Cependant, elle a promu 1'apoptose des kératinocy-
tes dans certains compartiments de FP. En outre, la caféine a fourni
une protection des FP contre la cytotoxicité et la dystrophie
médiées par les RUV, I'apoptose des kératinocytes et une régulation
a tendance positive de I'effet catagene induit par le facteur de crois-
sance.

CONCLUSION: Notre étude souligne la pertinence clinique de
notre dosage d’'irradiation UV ex vivo du cuir chevelu et fournit la
premiere preuve que le rayonnement UV transépidermique affecte
négativement d'importantes fonctions du FP chez 'homme. Cela
suggere que l'intégration d’agents photoprotecteurs des FP tels que
la caféine dans les formulations cosmétiques et nutraceutiques des
écrans solaires pourrait constituer une stratégie prophylactique
sensée.

Introduction

Solar ultraviolet (UV) radiation encompasses three sub-categories of
rays of different wavelengths: long wave UVA (320-400 nm), med-
ium wave UVB (280-320 nm), and short wave UVC (100-
280 nm). As more than 99% of UVC is absorbed by the ozone
layer, only UVA and UVB reach the earth’s surface and impact on
biological and pathological processes, especially within the organ-
ism’s integuments (1-3). Although UVA penetrates into the dermis,
UVB is almost completely absorbed by the epidermis (2, 4, 5).
Though the impact of UVR on the skin stimulates the production
of vitamin D, important for tissue homeostasis (6), the combination
of UVA and UVB also triggers negative processes which result in
erythema, edema, sunburn, photoageing and cancer (1-4, 7-11).

Although the effect of UVA+UVB radiations (UVR) on the epider-
mis and dermis in mice and human (e.g. (12-17)) has been exten-
sively studied, the effect on skin appendages, such as the hair
follicle (HF), has received less attention. This is surprising consider-
ing that increased hair loss is reported in patients exposed to
repeated episodes of sunburn in the scalp skin (18, 19), and that
phototherapy seems to be beneficial for the treatment of selected
alopecias (20-23).

Depending on the wavelength and intensity chosen for the
experiment, UVR can either promote or inhibit hair growth in
rodents (24-27). Transepidermal UVR of mouse skin in vivo greatly
increased keratinocyte apoptosis in the upper (distal) HF epithelium
(28). UVR-mediated HF melanocyte stem cell activation resulted in
increased numbers of melanocytes within the epidermis (29). Previ-
ously, we showed that microdissected, organ-cultured human scalp
HFs exhibit prominent dose-dependent responses to UVB irradia-
tion (20 and 50 mJ/cm?) on the human hair bulb and its sur-
rounding mesenchyme, ranging from apoptosis to necrosis
induction, along with down-regulation of hair matrix (HM) ker-
atinocyte proliferation, decrease in intrafollicular adrenocorti-
cotropic hormone production and a striking increase in the
number and degranulation of perifollicular mast cells (30). UVB
(50 mJ/cm?) exposure also stimulated apoptosis in human dermal
papilla fibroblasts, and altered the expression of miRNAs involved
in several cell processes, e.g. cell cycle, adhesion, communication
and death in vitro (31). However, it remains entirely unexplored

how UVR that hits the scalp surface impacts on human HF biol-
ogy.

To address this major open question in dermatology, we have
modified our previously published human full-thickness skin organ
culture ex vivo assay (32—35) by transepidermally irradiating scalp
skin fragments from the skin surface with 10 J/cm? UVA + 20 mJ/
cm?® UVB (low dose) and 50 J/cm® UVA + 50 mJ/cm? UVB (high
dose) within the solar spectrum (340-440 nm UVA and 290-
320 nm UVB), and cultured the skin ex vivo under serum-free con-
dition for 1 or 3 days. The effect of UVR was evaluated by assess-
ing general tissue cytotoxicity (30, 36), epidermal damage (37), HF
cytotoxicity and dystrophy (32, 38), oxidative damage of genomic
DNA (30), HF Kkeratinocyte proliferation and apoptosis, anagen
catagen transition, the expression of selected growth factors
involved in hair cycle control (39-41), and changes in perifollicu-
lar mast cell activities (42).

In addition, using this physiological ex vivo human skin UV irra-
diation assay, we assessed whether the topical application (43) of
0.1% caffeine (5.15 mmol/L), a widely used nutraceutical that is
also contained as cosmetic ingredient in hair care formulations
(44-46), interferes with UVR-induced HF damage. To mimic the
experience of consumers using routinely caffeine-based shampoos,
skin samples were treated with caffeine for 3 days prior to UV
exposure with 40 J/em® UVA + 40 mJ/cm? UVB and for 3 consec-
utive days after.

Our interest in this ingredient was based on the fact that caf-
feine 1) is percutanously absorbed very easily and also through
the HF when topically applied (47-51); 2) ameliorates UVR medi-
ated-skin reactions in murine and human skin (52-56), and 3)
regulates several aspects of HF biology, including HF cycling
ex vivo (57, 58) and in vivo (44, 59, 60). In addition, even though
caffeine is commonly used in cosmetic hair care formulations and
shampoos (44-46), the effect of this nutraceutical after topical
application on healthy human scalp HFs ex vivo remains to be
investigated.

Materials and methods

Human skin samples

For the experiments evaluating the effects of UVR on HF damage,
human skin specimens were obtained from either the temporal or
occipital scalp regions of two female donors (55 and 66 years old).
For the caffeine experiment, skin biopsies were obtained from occip-
ital scalp of two male donors (32 and 56 years old) undergoing
hair transplantation. Skin samples were obtained after informed
consent and Ethics Committee Approvals (University of Muenster,
no. 2015-602-f-S, University of Las Palmas de Gran Canaria, CEIH-
2014-06) and treated according to the Helsinki Ethical Guidelines
for medical research involving human subjects.

UVA and UVB irradiation experiment

After overnight delivery of the skin sample, 4 mm squared skin
biopsies containing terminal HFs were excised using a scalpel under
sterile conditions. Skin fragments were placed at air liquid interface
within serum-free conditions in a minimal media of William's E
media (Thermo Fischer Scientific, Waltham, MA, USA) supple-
mented with 2 mmol/L of L-glutamine (Thermo Fischer Scientific),
10 ng/mL  hydrocortisone (Sigma-Aldrich), 10 pg/mL insulin
(Sigma-Aldrich) and 1% penicillin/streptomycin  mix (Thermo
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(A) Experimental design for UVA and UVB irradiation experiments
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(B) Experimental design for Caffeine and UVR experiments
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Figure 1 Detailed experimental design. (A) Experimental design for UVA and UVB irradiation experiments. (B) Experimental design for caffeine/UVR experi-
ments. (C) Schematic drawing showing the experimental design for caffeine/UVR experiments.

Fischer Scientific) and incubated at 37°C in a humidified atmo-
sphere of 5% CO, (32-35,43).

After 2 days of culture (1 day for equilibration, and 1 day for
allowing the pre-treatment with UV-protector candidate agents in
further experiments), HF containing skin biopsies were transferred
to PBS and exposed to solar spectrum UVA and UVB, using an irra-
diation bank sellasol (System Dr. Sellmeier, 340-440 nm) for UVA
and irradiation bank with four TL12 fluorescent lamps (Philips,
Eindhoven, The Netherlands, 290-320 nm) for UVB, or treated as
sham (no irradiation).

Two different combinations of UVA and UVB doses were used. A
high UV dose (50 J/cm? UVA + 50 mj/cm? UVB), hereby referred
to as ‘high’, and a low dose (10 J/cm? UVA + 20 mJ/cm” UVB),
hereby referred to as ‘low’ of UV was chosen. Since the irradiation
bank sellasol (System Dr. Sellmeier) (340-440 nm) has an irradia-
tion capacity of 6.593 J/cm? per min, samples were irradiated for
91 or 455 sec for achieving 10 J/cm? and 50 J/cm? respectively.
Given that the irradiation bank with four TL12 fluorescent lamps

(Philips, Eindhoven, The Netherlands) (290-320 nm) has an irradi-
ation capacity of 41.958 mJ/cm? per min, samples were irradiated
for 28.6 or 71.5 sec for achieving 20 mJ/cm? and 50 mJ/cm?
respectively.

Skin biopsies were cultured in supplemented William’s E media
for either 1 or 3 days after irradiation and then processed for
in situ analyses. Culture media was renewed every 24 hours and
collected every day for further analysis (Figure 1a).

Caffeine and UVR experiment

4 mm skin biopsies containing terminal HFs were transported in the
laboratory on the same day of the surgery. Skin biopsies were placed
at air liquid interface within serum-free supplemented William's E
media (see above) and incubated at 37°C in a humidified atmosphere
of 5% CO, (35, 43) (Figure 1b). After 1 day of culture for equilibra-
tion, skin biopsies were treated topically with 2 ul of viscous formula-
tion containing PEG6000 prepared in our laboratory, which
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enhances test agent penetration and is very viscous thus preventing
test compound spill-over from the skin surface into the medium (43)
either containing distilled water for the vehicle, and vehicletUVR
group or caffeine 0.1% (5.15 mmol/L) for the caffeine and caf-
feine+UVR group, for 3 days. At day 4 of organ culture, after 3 days
of treatment with caffeine, HF containing skin biopsies were trans-
ferred to PBS and only vehicle+tUVR and caffeine+UVR groups were
exposed to 40 ]/cm2 UVA + 40 m]/cmz UVB while vehicle and caf-
feine groups were treated as sham control without irradiation (Fig-
ure lc). Since the irradiation bank sellasol (System Dr. Sellmeier)
(340-440 nm) has an irradiation capacity of 6.593 J/cm? per min,
samples were irradiated for 364 sec for achieving 40 J/cm?. Given
that the irradiation bank with four TL12 fluorescent lamps (Philips,
Eindhoven, The Netherlands) (290-320 nm) has an irradiation
capacity of 41.958 mJ/cm? per min, samples were irradiated for
57.2 sec for achieving 40 m]J/cm?>.

Different concentrations of caffeine were previously used to
investigate its penetration and effects into porcine in vitro (e.g.
(61)) or human skin in vivo (e.g. (49, 60)) or in vitro (e.g. (47)).
The concentration of caffeine used for these experiments was care-
fully selected in order to achieve a local concentration around the
HFs within the skin of about 0.001%, a dose that was shown to be
beneficial in male HFs (58).

After irradiation, skin samples were placed in supplemented Wil-
liam’s E media. Skin biopsies were treated with topical vehicle or
caffeine formulation for 3 days prior irradiation, on the day of irra-
diation and for 3 days after and then further processed for in situ
analyses. Skin surface was cleaned every day before the topical
treatment and culture media was renewed every 24 hours and col-
lected (except for day 5) (Figure 1b). The choice of 40 J/cm?
UVA + 40 mJ/cm” UVB dose within the solar spectrum was deter-
mined by the fact that in our previous experiments only minor
responses were seen with the low UVR regime and that the high
UVR regime-treated samples revealed excessive tissue damage that
hindered instructive analyses of all HFs within the irradiated skin
samples.

LDH (lactate dehydrogenase) assay

Cytotoxicity was studied by lactate dehydrogenase (LDH)-based
assay (30, 32, 36, 38) using the Cytotoxicity Detection Kit (Roche
Diagnostics GmbH, Mannheim, Germany) following the manufac-
turer’s instructions. Supplemented William’s E medium was used as
low control, while overnight incubation of skin punch with 0.1%
triton X-100 in supplemented William's E medium that causes
maximum LDH release was used as high control. LDH measure-
ments were performed using a POLARstar Omega microplate reader
(BMG Labtech).

Frozen skin sample processing

Snap frozen samples were sectioned with a cryostat (Leica) and
7 um sections were collected. The skin sample was carefully ori-
entated to obtain full-length HF sections. Consecutive sections of
each full-length HF were collected and slides stored at —80°C
(35).

Histochemistry

Haematoxylin and Eosin staining to visualize sunburn cells was
performed according to routine histochemical methods and as

described before (28, 62). For the histochemical visualization of
melanin, Masson Fontana staining was performed as previously
described (38). Toluidine Blue staining was performed to visualize
mast cells. Briefly, cryosections were incubated in staining solution
(0.1% Toluidine blue) for 1 min. Sections were washed in distilled
water, dehydrated and mounted using xylol (42).

Immunohistochemistry

To evaluate proliferating and apoptotic keratinocytes in the epider-
mis and within the distal (upper), central (mid) and proximal
(lower) HF outer root sheath (ORS) as well as in the HM, Ki-67/
TUNEL double-staining was performed as previously described (39—
41). Briefly, cryosections were fixed with 4% paraformaldehyde in
PBS and labelled with a digoxigenin-deoxyUTP (ApopTag® Fluores-
cein In Situ Apoptosis Detection Kit, Merck KGaA, Darmstadt, Ger-
many) in the presence of terminal deoxynucleotidyl transferase,
followed by incubation with a mouse anti-Ki-67 antibody (1:800
in PBS; Cell Signalling Technology, Leiden, Netherlands) overnight
at 4°C. TUNEL-positive cells were visualized by an antidigoxygenin
fluorescein isothiocyanate (FITC)-conjugated antibody (ApopTag-
Fluorescein Detection kit, Merck KGaA, Darmstadt, Germany),
whereas the primary antibody against Ki-67 was detected using a
rhodamine-labelled goat anti-mouse antibody (1:200, Jackson
ImmunoResearch, West Grove, PA).

To evaluate oxidative DNA damage, 8-hydroxy-2’-deoxyguano-
sine (8-OH-dG) immunostaining was performed as previously pub-
lished (30). Cryosections were fixed in acetone and blocked with
10% goat normal serum followed by the incubation step with a
mouse monoclonal anti-8-OH-dG antibody (1:100 in 2% goat nor-
mal serum (GNS) in PBS; Abcam, Cambridge, UK) overnight at
4°C. Secondary antibody incubation with a rhodamine-labelled
goat anti-mouse antibody (1:200, Jackson ImmunoResearch, West
Grove, PA) was performed at room temperature (RT) for 45 min.

To evaluate IGF-1 protein expression (40,58), tissue cyrosections
were fixed in acetone and endogenous peroxidases blocked with 3%
H>0, in PBS followed by an avidin-biotin blocking step and prein-
cubation with TNB buffer (TrisHCI+NaCl+Casein). Samples were
incubated with goat anti-human IGF-1 antibody (1:250 in anti-
body diluent; Santa Cruz, Texas, USA) overnight at 4°C. Secondary
antibody incubation was performed at RT for 45 min before using
the Tyramide signal amplification kit (TSA kit, Perkin Elmer).

To evaluate TGF-$2 protein expression (40,58), samples were
fixed in methanol and blocked with 10% GNS followed by incuba-
tion with a rabbit polyclonal anti-human TGF-f2 antiserum (1:400
in 1% BSA in PBS; Abcam, Cambridge, UK) overnight at 4°C. Sec-
ondary antibody incubation using a rhodamine-labelled goat anti-
rabbit antibody (1:200, Jackson ImmunoResearch, West Grove,
PA) was performed at RT for 45 min.

Negative control for primary antibody was used by omitting ter-
minal deoxynucleotidyl transferase or the primary antibody. Coun-
terstaining to visualize nuclei was performed with 4’,6-diamidino-
2-phenylindole (DAPI) (Sigma-Aldrich Biochemie GmbH, Hamburg,
Germany).

Image capture

Images of the evaluation areas indicated in Figure 2 were taken at
original magnifications of 100x or 200x with Keyence-Biozero
8100 and 9100 microscopes (Keyence Corporation, Osaka, Japan)
of the evaluation areas indicated below (Figure 2).
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UVA UVB

100 pm Epidermis

ﬁ

central

proximal

Figure 2 Schematic representation of the different areas evaluated in this
study. Epidermis (black box), distal or upper outer root sheath (ORS, green
box) also called infundibulum, central ORS (red box) also called bulge/isth-
mus, proximal or lower ORS (blue box), hair bulb (orange box). (HF picture
modified from (63)).

Quantitative (immuno-)histomorphometry

The number of sunburn cells and the % of apoptotic TUNEL" cells
among DAPI" cells were quantified within the epidermis of each
microscopic field taken at a distance of 100 um from the hair canal
and plotted as number of sunburn cells per microscopic field. Cells
with abnormal nuclei shrinkage and “Spiegelei” (poached egg)
morphology were defined as sunburn cells keratinocytes (28, 62).
To evaluate oxidative stress in the HF, the relative staining inten-
sity of 8-OH-dG within the proximal ORS and HM was measured
using Image] (30). Melanin pigments were stained as black dots
using Masson Fontana; the presence of abnormal large melanin
clumping (i.e. melanin positive conglomerates that were larger
than keratinocyte nuclei) was counted in the HM up to 10 lines of
cells above the end of the dermal papilla (38). Percentage of Ki-67
and TUNEL" cells among total DAPI cells within the upper, central
and low ORS and in the HM below (Ki-67) or below and above
(TUNEL) the Auber’s line was counted (35). The Auber’s line is set
at the widest dermal papilla diameter (39). IGF-1 and TGF-f2

relative staining intensity in the distal, central and proximal ORS
was measured using Image]J (40,58).

For hair cycle staging, HFs were microscopically evaluated using
Masson-Fontana histochemistry and Ki-67/TUNEL immunostaining
as previously described (35, 64). Hair cycle staging was studied by
calculating the % of HFs in each hair cycle phase: anagen VI,
early, mid or late catagen. For the hair cycle score, an arbitrary
score was attributed to each hair cycle phase: Anagen VI = 100,
early catagen = 200, mid catagen = 300, late catagen = 400, and
the mean values were plotted in the graph per group (65). Total
mast cell number and percentage of degranulated mast cells was
evaluated in the perifollicular dermis within a distance of 100 pum
around the hair follicle (42).

Statistical analysis

All data are expressed as mean + SEM or fold change of
mean + SEM over sham, and Gaussian distribution of the data was
analysed using D’Agostino and Pearson omnibus normality test.
Significant differences were analysed using either unpaired Stu-
dent’s t-test (comparison between one set of data and sham or
vehicle) or One Way ANOVA (comparison between multiple sets of
data) for parametric data, or Mann-Whitney test (comparison
between one set of data and sham or vehicle) for nonparametric
data or Kruskal-Wallis test, and Dunn’s test (comparison between
multiple sets of data), comparing the results of each tested group
using GraphPad Prism 6 (GraphPad Software). P < 0.05 was con-
sidered statistically significant. To be able to normalize to the
respective sham vehicle samples, for number of sunburn cells
(Figure 3b), melanin clumping (Figure 4c), proliferative and/or
apoptotic cells (Figure 3c, and 5a,b), and mast cells (Figure 7a,b)
value counts of “0O cells” were set to 0.0000000001 (=1E-10).

Results

UVR exerts skin cytotoxicity and severe epidermal damage in
human skin organ culture

UVR triggers skin cytotoxicity and epidermal damage (1, 30, 37).
To confirm the clinical relevance of our improved ex vivo model,
skin and epidermal UV-mediated responses were analysed. Skin
cytotoxicity assessed as LDH release into the medium (30, 32, 36)
was highly increased after high-dose but not after low-dose UV-
irradiation (Figure 3a). Instead, both UV doses significantly
increased the number of sunburn epidermal keratinocytes having
pyknotic nuclei (2, 37) (Figure 3b,d), but only high dose UV-irra-
diation induced acantholysis (Figure 3d). Interestingly, the number
of apoptotic keratinocytes was significantly increased only after
high dose of UV-irradiation (Figure 3c,e).

These data reveal that the organ culture of human full thickness
scalp skin after transepidermal UV irradiation is optimally suited to
determine the impact of UVA and UVB in human skin responses.

UVR induces DNA damage in HF epithelium and causes HF
dystrophy

UVR is known to induce DNA damage in human skin (4, 66). We
have previously shown that 20 mJ/cm® UVB irradiation of HFs
ex vivo promotes oxidative DNA damage in HF epithelium (30). To
investigate if topical UVR exposure also induces DNA damage in
the HF epithelium, the expression of 8-OH-dG, the oxidized
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Figure 3 UVR induces skin cytotoxicity and epidermal damage. (A) LDH assay from culture media of skin biopsies treated with sham, high and low dose of
UV irradiation. Measurement was performed in triplicates using the supernatant of each biopsy (n = 2 skin fragments/group/donor). Data are expressed as fold-
change of % cytotoxicity of UVR treated samples over sham. Mean = SEM n = 4 medium samples analysed/group from two donors measured in triplicate,
Kruskal-Wallis test, P < 0.05, and Dunn'’s test, *P < 0.05. (B) Quantitative analysis of the number of sunburn cells in the epidermis of sham, low and high UV
irradiated skin. The number of sunburn cells (circled cells) was counted in the epidermis. Data are expressed as fold-change of sunburn cell number in UVR
treated samples over sham. Mean + SEM, n = 12-16 evaluation areas analysed from four skin fragments per experimental group from two donors, Kruskal—
Wallis test, P < 0.001, and Dunn’s test *P < 0.05, **P < 0.01. (C) Quantitative analysis of the % of TUNEL" keratinocytes in the epidermis of sham, low and
high UV irradiated skin. The number of TUNEL" keratinocytes was counted among all DAPI" cells in the epidermis excluding the stratum corneum and % of
TUNEL" cells was calculated. Data are expressed as fold-change of % TUNEL" cell number in UVR treated samples over sham. Mean + SEM, n = 8—18 evalua-
tion area analysed from four skin fragments per experimental group from two donors, Kruskal-Wallis test, P < 0.001, and Dunn’s test **P < 0.01,
##4P < (0,001, or Mann-Whitney test *P < 0.05. (D) Representative images of H&E staining in sham, and low or high irradiated skin. (E) Representative
images of TUNEL staining in sham, and low or high irradiated skin. Dotted lines indicate the reference areas used for evaluation (D, E). Scale bars: 100 pm.

derivative of deoxyguanosine, was investigated (30, 66). Both UVR
doses promoted oxidative DNA damage in the HF epithelium, as it
was evident from the increase in the nuclear expression of 8-OH-
dG in the proximal HF epithelium compartments. However, this
effect was more pronounced after treatment with low UVR dose
(Figure 4a,b).

Since UV-mediated oxidative stress also contributes to skin
cytotoxicity (1), we studied whether UVR penetrating the skin
causes HF cytotoxicity and dystrophy by evaluation of melanin
clumping in the HF bulb (32, 38). A significant increase in mel-
anin clumping was observed in the hair bulbs on day 3 after
low UV irradiation (Figure 4c,d). However, the majority of HFs
treated with high UVR lacked of melanin, possibly because of
bleaching/oxidative breakdown of the protein (67) or because of
premature development of catagen (64), which prevented a
meaningful analysis for HF cytotoxicity in this experimental
group (Figure 4d).

These data suggest that UVR, most likely UVA penetrating into
the dermis, can cause oxidative stress in the HF epithelium, which
leads to DNA damage and HF dystrophy.

High dose UVR inhibits keratinocyte proliferation in the
infundibulum, promotes apoptosis in the entire HF epithelium, and
induces premature catagen development ex vivo

It has been demonstrated that UVR induces apoptosis in epidermal
keratinocytes (1) and in microdissected HFs that were directly irra-
diated with UVB ex vivo (30). We investigated whether the topical
exposure of human skin to UVR would also affect HF keratinocyte
proliferation and apoptosis thereby affecting hair growth. Reduction
in keratinocyte proliferation was observed only in the upper portion
of the ORS (distal) upon irradiation with high UV dose (Figure 5a,
¢,d). ORS keratinocyte proliferation was also significantly decreased
in the central ORS exposed to high UV-irradiated HFs only in one

© 2019 The Authors. International Journal of Cosmetic Science published by John Wiley & Sons Ltd 169
on behalf of Society of Cosmetic Scientists and the Société Francaise de Cosmétologie

International Journal of Cosmetic Science, 41, 164-182



UVR, hair follicle, and caffeine J. Gherardini et al.

(A) o x 25
8% s
T o .E
IE I .= 2.0
355 QEE
o ]
5< 2 5o ls
" o= 0
Dc g m=>10.
cg5 2 c o o
g .= 3 -]
£a £ 0
R4 S ©g 05
T 5 zTg
QX £ o0

[ sham [ Low I High

Sham, Day 1 High, Day 1

©)
MF " High, Day 3

5 2 £
o 2 b |
DIE(:;
c2c
Euw
CE 5
- £ >
2508
S

£

Day 1 Day 3

[ sham [ JLow [ High

Figure 4 UVR induces DNA damage in the HF epithelium and causes HF dystrophy. (A) Quantitative analysis of 8-OH-dG expression in the proximal ORS and HM
of sham, low and high UV irradiated HFs. Relative 8-OH-dG staining intensity was measured using Image]J. Data are expressed as fold change of 8-OH-dG expression
in HM and proximal ORS in UVR treated samples over sham. Mean + SEM n = 8-15 for HM and n = 9-15 for proximal ORS areas analysed from four skin frag-
ments per experimental group from two donors, Kruskal-Wallis test, ns, Student’s t-test, P < 0.05. (B) Representative images showing 8-OH-dG (red) expression of
proximal ORS and HM. (C) Quantitative analysis of melanin clumping using Masson Fontana histochemistry in sham, low and high UV irradiated HFs. Melanin
conglomerates that were larger than keratinocyte nuclei were counted in the defined region indicated in yellow. Data are expressed as fold change of melanin
clumping of UVR treated samples over sham. Mean + SEM n = 7-20 evaluation area analysed from four skin fragments per experimental group from two donors,
Kruskal-Wallis test, ns, Student’s t-test, ¥P < 0.05. (D) Representative images showing Masson Fontana stained HFs. Arrows indicate melanin clumping. Dotted
lines indicate the reference areas used for evaluation (B,D). Scale bars: 100 pm.

donor (data not shown), suggesting that this UV-mediated HF proximal HF compartment, the hair bulb, thereby possibly stimulat-
response is possibly subjected to variability between individual ing catagen development.
donors. However, topical skin exposure to either high or both UVR
doses increased the number of apoptotic cells in all analysed HF
compartments, including HM, either at day 1 or day 3 or both of
organ culture (Figure 5b—d).

The analysis of the hair cycle stages revealed that only high Considering the prominent impact of UVR on HF epithelium, and

UVR reduces IGF-1 and increases TGF-$2 protein expression in the
outer root sheath keratinocytes

transepidermal UV radiation dose tendentially promoted pre- the fact that high UVR dose stimulates catagen (Figure 5a—g), we
mature catagen development ex vivo (Figure 5e-g). However, were interested in evaluating whether this triggers any changes in
the fact that HM Kkeratinocyte apoptosis was significantly the production of growth factors in HF keratinocytes. The protein
increased upon UV low and high irradiation suggests that the expression of IGF-1, which is the key anagen prolonging growth
observation window used in these experiments may have been factor (40) and of TGF-f2, the major catagen promoting growth
too short to observe any significant differences in hair cycle factor (40) were analysed.
progression. Both high and low UVR doses induced a transient up-regulation
These data indicate that transepidermal UVR, mainly high UVA, of IGF-1 expression in the ORS at day 1 after exposure (Figure 6a,
exerts negative effects on HF keratinocytes that reach the most ¢), which may be a compensatory response of the HF against UV-
170 © 2019 The Authors. International Journal of Cosmetic Science published by John Wiley & Sons Ltd
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induced oxidative stress (68—70). Long-term effect (day 3 of organ
culture) of UVR resulted in decreased expression of IGF-1 expres-
sion in the HF epithelium but only upon irradiation with the high
dose (Figure 6a,c). In contrast, TGF-$2 expression was increased

in the HF already at day 1 after UV irradiation and remained high
(Figure 6b,d). Therefore, the UVR exposure of skin influences the
production of hair cycle-regulating growth factors in the HF
epithelium.
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Figure 6 UVR negatively impacts on the expression of hair-cycle regulating growth factors in human scalp HFs. (A) Quantitative analysis of IGF-1 expression
in distal, central and proximal ORS of sham, low, and high UV irradiated HFs. Relative IGF-1 staining intensity was measured using Image]. Data are expressed
as fold-change of IGF-1 expression in UVR treated samples over sham. Mean + SEM n = 5-15 for distal ORS, n = 4-18 for central ORS, and n = 2-9 for proxi-
mal ORS evaluation area analysed from four skin fragments per experimental group from two donors, IGF-1 distal: Kruskal-Wallis test P < 0.05, Dunn’s test,
ns. (B) Quantitative analysis of TGF-$2 expression in distal, central and proximal ORS of sham, low, and high UV irradiated HFs. Relative TGF-f2 staining
intensity was measured using Image]. Data are expressed as fold-change of TGF-2 expression in UVR treated samples over sham. Mean + SEM n = 8-23 for
distal ORS, n = 9-18 for central ORS, and n = 10-18 for proximal ORS area analysed from four skin fragments per experimental group from two donors, TGF-
B2 distal: Kruskal-Wallis test P < 0.05 and Dunn'’s test, **P < 0.01, Mann-Whitney test *#P < 0.01, TGF-$2 center: Kruskal-Wallis test P < 0.05 and Dunn'’s
test, ns, Student’s t-test P < 0.05, TGF-f2 proximal: Kruskal-Wallis test P < 0.05 and Dunn’s test, ns, Mann-Whitney test *P < 0.05 and Student’s t-test
$9p < 0.01. (C) Representative images showing IGF-1 (green) expression in the proximal hair follicle ORS. (D) Representative images showing TGF-f2 (red)
expression in the proximal hair follicle ORS. Dotted line indicate the reference areas used the evaluation (C). Scale bars: 100 um.

for patients affected by mast cell-driven skin disorders (76, 77).
Therefore, we were particularly interested in how low or high UVR
modulates perifollicular mast cell activities, i.e. number and

Acute HF responses to UVR include the degranulation of
perifollicular mast cells

Mast cells are important regulators of hair growth (71-73) and degranulation of fully matured mast cells.

may be functionally important for the maintenance of human HF Toluidine blue staining was used to visualise and quantify the
immune privilege (42) and HF responses to oxidative damage (74). number of mast cells in skin samples exposed to UVR (Figure 7a—
It has been shown that mast cells are highly affected by UVR (75, d). A significant decrease in the number of histochemically stain-

76), and that UVR or psoralen plus UVA therapy can be beneficial able (i.e., mature) perifollicular mast cells (at low UVR dose, except
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in the central perifolliular dermis) and increase in mast cell degran-
ulation (at low UVR dose) were detected 1 day after UVR treat-
ment. This effect was diminished 2 days later (Figure 7a,b).

Topical application of caffeine significantly reduces UV-induced
skin cytotoxicity and epidermal keratinocyte damage

However, we noted a major inter-donor variability as UV-induced
mast cell degranulation was more prominent in the first donor as
compared to the second donor analysed (data not shown).

Taken together, our data show that the combination of UVA and
UVB impacts on the HF physiology, and perifollicular mast cell activities.

To confirm the clinical relevance of our scalp UV irradiation ex vivo
assay, we investigated whether caffeine protects from skin cytotoxi-
city and epidermal keratinocyte from UVR-mediated damage, as
reported in literature using other experimental approaches (52—
56). For the following experiments investigating the protective role
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of caffeine against UVR-mediated detrimental effects, scalp skin
samples rich in terminal HFs from two healthy donors were treated
topically with caffeine once a day for six consecutive days ex vivo
and irradiated on day 3 of organ culture (Figure 1b,c). This set up
was selected for mimicking consumer behaviour with caffeine-based
shampoo before and after sunbathing. An intermediate dose of
UVA+UVB, i.e. 40 J/cm? UVA + 40 mJ/cm? UVB was used in this
experiment (for details, see materials and methods).

In line with our previous findings (32), the prolonged culture
period selected for this specific assay, which had to be chosen to
allow the pre-, and post-treatment with caffeine, was associated
with slowly progressing tissue degeneration independent of UVR
treatment as shown by histology (Figure 8c). Despite this, our data
showed that caffeine protects/reverses skin samples from UVR-
induced cytotoxicity, as indicated by the measurement of LDH
release into the medium (Figure 8a). In addition, caffeine

protected/rescued epidermal keratinocytes from UVR-induced dam-
age, as the number of sunburn cells was significantly reduced in
the epidermis of caffeine pre-treated skin (Figure 8b,c). As expected,
but confirmed here for the first time ex vivo, the topical application
of caffeine does not induce skin or epidermal cytotoxicity (Fig-
ure 8a—c).

These data reinforce the clinical relevance of our model and pro-
vides the first evidence that this assay can be used to investigate
and experimentally manipulate UVR responses in human skin.

Topical application of caffeine does not induce HF cytotoxicity/
dystrophy and may tendentially reduce it when this is UVR-
mediated

Previously, it was shown that only selected concentrations of caf-
feine beneficially regulate HF functions (58). Therefore, we wanted
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to investigate the safety of caffeine concentration used topically for
this study (0.1%, 5.15 mmol/L) and whether it protects HFs from
UVR-mediated cytotoxicity/dystrophy.

The topical application of caffeine onto cultured skin ex vivo did
not induce HF cytotoxicity but rather slightly reduced culture-
mediated stress in the HF, as the number of melanin clumps in caf-
feine treated samples was lower as compared to the vehicle control
(Figure 8d,e). In addition, the evaluation of melanin clumps in the
HM suggested that caffeine tendentially protected against HF cyto-
toxicity induced by UVR (Figure 8d,e). These data indicate that caf-
feine protects from/reverses UV-induced damage not only in the
epidermis, as already reported (52-54, 56, 78), but also in the HF
epithelium.

Topical treatment with caffeine significantly reduces UVR-induced
HF keratinocyte apoptosis ex vivo

We have shown that high dose of UVR decreases proliferation and
promotes apoptosis of ORS keratinocytes (Figure 5a—d). Therefore,
we next investigated whether the continuous topical treatment
with caffeine before and after irradiation rescues from UVR-induced
deleterious response in the HF epithelium. Importantly, in contrary
to the high UVR dose (50 J/cm? UVA and 50 mJ/cm? UVB) and
the experimental design employed for the first part of the study
(Figure 5a-d), the combination of 40 J/cm? UVA and 40 m]/cm>
UVB slightly induced keratinocyte proliferation in the infundibulum
or central HF ORS (Figure 9a,c,d).

However, the combination of 40 J/cm? UVA and 40 mJ/cm?
UVB also induced massive keratinocyte apoptosis throughout the
ORS, as compared to vehicle sham-treated samples (Figure 9b—d).
Significantly reduced percentage of TUNEL" cells in the distal and
central parts of the ORS were observed in the HFs that were co-
treated with caffeine and UVR, in contrast to the irradiated HFs
without caffeine (vehicletUVR) (Figure 9b—d). The topical treat-
ment with 0.1% caffeine increased the proliferation of HF ORS ker-
atinocytes in the infundibulum (distal) (Figure 9a,c,d) but, quite
unexpectedly, also promoted HF keratinocyte apoptosis under the
conditions of this ex vivo assay, especially in the central and proxi-
mal epithelium (Figure 9b—d). Interestingly, in the central ORS,
keratinocyte proliferation was lower in caffeine+UVR treated HFs as
compared to single administration of caffeine, vehicle+tUVR, or
vehicle (Figure 9a,c,d).

These data show that the local concentration of caffeine origi-
nated by topical administration differentially regulates ORS ker-
atinocyte proliferation and apoptosis. Most importantly, in the
current context, they demonstrate that caffeine successfully
decreases UV-mediated increased keratinocyte apoptosis in the dis-
tal and central ORS.

Caffeine or UVR each differentially impacts on hair cycle-associated
parameters but their combination restores baseline levels, thereby
leaving hair cycle unaffected ex vivo

We have shown above that UVR exposure to the skin surface,
namely the combination of 50 J/cm® UVA and 50 mJ/cm? UVB,
regulated HM Kkeratinocyte proliferation and apoptosis, slightly
induced premature catagen development (Figure 5e-h), and regu-
lated intrafollicular expression of IGF-1, and TGF-$2 (Figure 6a—d)
ex vivo. Since caffeine has been shown to prevent catagen develop-
ment in microdissected HFs ex vivo (57, 58) but also in vivo (44,
59), we were particularly intrigued to investigate whether the

topical application of 0.1% caffeine prevents/restores UVR-mediated
effects in the HM, and proximal ORS.

Caffeine treatment alone significantly up-regulated IGF-1 expres-
sion, although skin exposure to the combination of 40 J/cm? UVA
and 40 mJ/cm? UVB showed a trend towards increase expression
of both IGF-1 and TGF-f2 expression in the proximal HF ORS
(Figure 10a—c). The minimal UV-mediated increase of TGF-$2
immunoreactivity in the proximal ORS was reversed by caffeine
treatment (Figure 10a,c).

Analysis of proliferation and apoptosis in the HM revealed that
the combination of 40 J/cm? UVA and 40 mJ/cm” UVB did not
have a significant effect, while topical treatment with 0.1% caffeine
significantly increased the number of apoptotic cells in the HM
(Figure 10d,e). However, most importantly, in HFs treated with caf-
feine before and after UV irradiation, the apoptosis of HM ker-
atinocytes was restored to baseline level (Figure 10d,e). This, in
turn, prevented any significant changes in the number of HFs in
anagen or catagen among all treated samples (Figure 10e-g). This
suggests that topical caffeine may ensure that hair cycle is not neg-
atively affected by UVR.

Discussion

Our results confirmed previously published data that UVA and UVB
induce skin cytotoxicity and epidermal keratinocyte damage. In
addition, we demonstrated that transepidermal UVA and UVB irra-
diation promotes HF cytotoxicity, dystrophy, oxidative DNA dam-
age, decreases keratinocyte proliferation and increases their
apoptosis, stimulates the production of TGF-2 and the decrease of
IGF-1 expression in ORS keratinocytes, triggers premature catagen
development, and induces perifollicular mast cell degranulation.
UVR-mediated HF damage is more severe after irradiation with
high UVR dose and is not only seen in HF compartments close to
the skin surface but also in lower regions of HFs, including the hair
bulb. The topical application of 0.1% caffeine independently exerts
negative effects on the HFs, i.e. keratinocyte apoptosis in selected
compartments, but does not induce skin or HF cytotoxicity, and
stimulates positive responses in the ORS of treated HFs, such as
increased IGF-1 expression. In addition, the topical application of
0.1% caffeine provides protection towards UV-induced HF damage,
e.g. UV-mediated HF cytotoxicity and dystrophy, keratinocyte apop-
tosis in the distal and central ORS, and increased expression of
TGE-f2.

Therefore, our study provides the first evidence that transepider-
mal UVR negatively modulates important human HF functions,
including hair growth. In addition, it advocates a sensible prophy-
lactic strategy to integrate agents into sun-protective cosmeceutical
and nutraceutical formulations, such as caffeine, that can act as
HF photoprotectants.

Our study also highlights the clinical relevance of the scalp UV
irradiation ex vivo assay developed in our lab, to simulate, interro-
gate and experimentally manipulate the complex responses of
human skin and its appendages, i.e. HFs, to sunlight and promises
important new insights on how topically administered cosmeceuti-
cals impacts on these. In line with previous results in vivo (1, 4),
UV radiation induces skin cytotoxicity, and epidermal damage in
our model. In addition, in our model, in concurrence to previous
reports (52-54, 56, 78), caffeine protects/reverses most of such
effects. Caffeine penetrates very easily into the skin and thus is rou-
tinely used as positive control for penetration studies. In addition,
the fact that the topical application of 0.1% caffeine modulates HF-
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related parameters also in the lower epithelium, including in the
hair bulb, reinforces the appropriateness of our vehicle formulation
for topical application studies.

Daily doses of UV radiation are highly variable because of latitudi-
nal changes (79, 80). The doses of UV radiation chosen for these
experiments are comparable to sunlight exposures in Europe in July
(81, 82). Namely, 10 J/cm? (low) and 50 J/cm? (high) UVA doses
correspond, respectively, to 22-40 min and 109-200 min of midday
summer sunlight in France in July. 20 mJ/cm? (low) and 50 m]J/cm>
(high) UVB doses correspond, respectively, to 22-30 min and 56—
73.5 min of sunlight in July in Germany. Considering that hair
themselves absorb UV radiation (83-85), the impact of UVA and
UVB on the scalp skin is usually reduced. However, this is not the
case in patients suffering from skin barrier defects (86), lipid produc-
tion deregulation (87), or alopecia, where the scalp skin surface is
totally exposed to sunlight and to sunburn (88).

Though we have detected UV-mediated damage throughout the
HF length, this is more prominent in the upper layers of the skin
(distal HF), as compared to the lower HF (central and proximal).
The reason must depend on the fact that although the upper part
of the HF is hit by both UVA and UVB, only UVA penetrates very
deeply into the skin and can be absorbed by the hair bulb. There-
fore, the negative impact of UV radiation on the lower HF, includ-
ing induction of catagen, is triggered either by an indirect effect of
UVB on infundibulum keratinocytes, which in turn exerts knock-
on effects to lower HF compartments, or most likely by a direct
effect of UVA on proximal HF keratinocytes.

Most of UV-related effects in the HFs could be seen only after
high dose transepidermal UVR (50 J/cm? UVA and 50 mjJ/cm?
UVB), i.e. reduction of HF ORS keratinocyte proliferation, stimula-
tion of cells apoptosis throughout the whole HF ORS and HM.
However, some UV-related effects could be already seen after low-
dose (10 J/cm? UVA and 20 mJ/cm? UVB) UV radiation, i.e. modu-
lation of growth factors (IGF-1, TGF-f2) related to hair growth,
induction of oxidative damage (8-OH-dG), HF cytotoxicity and dys-
trophy (melanin clumping). The high UV radiation dose leads to
severe tissue and HF damage, which renders tissue sectioning very
difficult, and possibly leads to artefacts. For example, it was not
possible to evaluate the HF cytotoxicity/dystrophy in high-dose UV-
irradiated HFs by counting the number of melanin clumps in the
hair bulb because most of the HFs turned prematurely into cata-
gen, which hair cycle phase is characterized by termination of mel-
anin production (64). Also the unchanged 8-OH-dG expression
after high UV-irradiation may be an artefact due to the high
amounts of DNA destruction (30). Therefore, intermediate UVA
and UVB doses (40 J/cm? UVA and 40 mJ/cm? UVB) were used for
the subsequent caffeine protection experiment.

In our ex vivo assay, transepidermal UV radiation slightly pro-
motes catagen within intact human skin, although this effect is
only seen after treatment with high UV dose. In light of this, the
slight differences in apoptosis and regulation of hair cycle growth
factors, as observed after low UV radiation in proximal ORS ker-
atinocytes, appear irrelevant and not enough to induce premature
catagen development. In contrast, high UV radiation induces signif-
icant HM keratinocyte apoptosis, down-regulation of IGF-1 and up-
regulation of TGF-$2 in the proximal ORS, a chain of events that
leads to catagen induction. Interestingly, low UV dose treatment
may even maintain longer anagen phase ex vivo. Thus, the current
ex vivo model, mimics the previously reported differential effects of
UVR on hair growth in vivo, i.e. that different duration of UV expo-
sure can be either hair growth-promoting or inhibitory in mice.

It is reported that mast cells can be directly or indirectly affected
by UV radiation (75-77). Our study contributes to the field by
showing that the number of histochemically detectable perifollicu-
lar mast cells is decreased while their degranulation is increased
1 day after irradiation of the skin surface with UVA and UVB.
Therefore, mast cells are either directly or indirectly activated by
UV radiation, as the observed reduced number can be explained by
the fact that the mast cells are completely degranulated and thus
hardly detectable by histochemistry. Interestingly, the UV-mediated
activation of mast cells occurs not only in the papillary and reticu-
lar of the dermis but also deep in the subcutis. Since the activation
of mast cells play a role also in catagen development, at least in
mice (72), but likely also in human HFs (73), it is conceivable that
UV-induced mast cell degranulation may contribute to premature
HF regression.

With our ex vivo full thickness skin organ culture model, we
could confirm previously published results obtained in UVB-treated
microdissected HFs ex vivo (30), e.g. increased LDH-release with
increasing UVB-doses representing necrosis, increased HM Kker-
atinocyte apoptosis, induction of catagen, increase in TGF-f2
expression, and increase in mast cell degranulation. However, con-
sidering that UVB tends to be completely absorbed by the epidermis
(2, 4, 55), it is plausible that it was mainly UVA irradiation that
exerted these effects in our improved irradiated full thickness skin
organ culture ex vivo.

Importantly, our experiments show that the topical application
of 0.1% caffeine in male occipital scalp skin protects HFs from some
unwanted effects induced by UV radiation (UIVA+ UVB). One can
speculate that additional important beneficial effects of caffeine to
UVR-mediated damage may have been hidden by the experimental
set-up chosen in order to imitate consumer’s behaviour, since day
4 of culture may represent a suboptimal time point for the irradia-
tion because the skin may already started to degenerate sponta-
neously. In spite of this, we could show that caffeine treatment
alleviates UV-mediated HF cytotoxicity and dystrophy, keratinocyte
apoptosis in the distal and central ORS, and increased expression of
TGF-f2 in the proximal ORS.

Caffeine is a potent antioxidant (89) which also increases cAMP
synthesis by inhibiting phosphodiesterase activity (59). It is con-
ceivable that these caffeine activities contribute to UVR-mediated
HF protection, as other compounds that raise cAMP levels, such as
alpha-melanocyte stimulating hormone (90, 91), reduce UVR-
mediated apoptosis and DNA damage.

It is not clear though whether caffeine protected or rescued
HFs from UV-mediated damage as we have adapted the continu-
ous daily administration of caffeine during the culture period, i.e.
3 days prior to and for 3 consecutive days after UV exposure
with 40 J/em® UVA + 40 mJ/cm® UVB. Of note, the fact that
caffeine reduces UVR-induced keratinocyte proliferation in the
central ORS, may indicate a rescue system for bulge stem cells
located in the ORS basal layer of central HF epithelium, whose
increased proliferation has been associated with their depletion
after chemotherapy induced-cytotoxicity (38) or inflammation
(92).

Although this was not the main aim of the current project, our
results also provide further insights into the effects of topical caf-
feine on human skin and HF homeostasis. Although it is known
that caffeine does not induce skin or HF cytotoxicity, and up-regu-
lates the expression of the anagen-promoting growth factor IGF-1,
we show here for the first time that this also applies to topical
application of caffeine to human skin ex vivo. However, contrary to
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Figure 10 Single treatment of caffeine or UVR differentially impacts on hair cycle-associated parameters but their combination restores baseline levels, thereby
not affecting hair cycle ex vivo. (A) Quantitative analysis of IGF-1 and TGF-$2 expression in proximal ORS of vehicle, caffeine, vehicle+UVR or caffeine+UVR
treated HFs. Relative staining intensity was measured using ImageJ. Data are expressed as fold-change of IGF-1 or TGF-f2 staining intensity in treated samples
over sham. Mean + SEM n = 4-13 for proximal ORS evaluation areas analysed from two skin punches per experimental group from two donors, IGF-1:
Kruskal-Wallis test, ns, Mann-Whitney test, “P < 0.05, TGF-$2: Kruskal-Wallis test, ns. (B) Representative images showing IGF-1 (green) expression in the
proximal hair follicle ORS. (C) Representative images showing TGF-f2 (red) expression in the proximal hair follicle ORS. (D) Quantitative analysis of the % of
Ki-67" or TUNEL* keratinocytes in the HM of vehicle, caffeine, vehicle+UVR or caffeine+UVR treated HFs. The number and % of Ki-67* or TUNEL* ker-
atinocytes was counted respectively below the Auber’s line or within the whole HM (yellow line) among all DAPI* cells. Data are expressed as % of Ki-67" or
TUNEL" cells, Mean + SEM n = 3-9 for Ki-67 and TUNEL HFs analysed from two skin punches per experimental group from two donors, Ki-67: Kruskal-Wallis
test, ns, TUNEL: Kruskal-Wallis test P < 0.05 and Dunn’s test: *P < 0.05. Hair cycle analyses was performed using (E) Ki-67/TUNEL immunohistochemistry
and (f) Masson Fontana histochemistry. (E) Representative images showing Ki-67 (red) and TUNEL (green) positive cells in the HM. (F) Representative images
showing HFs stained with Masson Fontana. (G) For the hair cycle score, arbitrary units were used to define anagen (100), early catagen (200), mid catagen
(300) and late catagen (400). For hair follicle staging, % number of HFs in each stage is presented. Data are expressed as Mean + SEM n = 8-17 HFs for hair
cycle score and n = 2 from 8 to 17 HFs for HF stage analysed from two skin punches per experimental group from two donors, Kruskal-Wallis test, ns. Dotted
lines indicate the reference areas used for evaluation (B, C, E). Hair matrix keratinocyte proliferation was evaluated only within the area limited by the white

dotted line, while hair matrix keratinocyte apoptosis was evaluated within the area limited by the white and yellow dotted lines (E). Scale bars: 50 um.

our previous published results using microdissected HFs and differ-
ent concentrations of this nutraceutical, the topical application of
0.1% caffeine did not rescue HM cell apoptosis but instead pro-
moted it, and did not maintain longer anagen ex vivo. Yet, it is
conceivable that the amount of caffeine that reached the hair bulb
after topical application may have been too high or too low, given
that only defined concentrations of caffeine positively modulates
human hair growth ex vivo, with great gender-dependent differ-
ences (58). Therefore, our study reinforces that particular attention
must be placed on selecting the concentration of caffeine very care-
fully for topical hair care formulations.

Conclusions

In conclusions, we show here for the first time that transepidermal
UV radiation negatively affected HF functions: it triggers HF cyto-
toxicity, dystrophy, oxidative DNA damage, reduces keratinocyte
proliferation and increases their apoptosis, stimulates TGF-2 and
decreases in IGF-1 protein expression in ORS keratinocytes, prema-
ture catagen development, and perifollicular mast cell degranula-
tion. While UV-mediated damage was present throughout the HF
length, it was more prominent in the distal HF epithelium. More-
over, we show here that the transepidermal UVR irradiation of full
thickness, organ-cultured human scalp skin closely mimics the
in vivo situation. Finally, our study demonstrates that the topical
application of 0.1% caffeine protects human scalp HFs from UVR-
mediated damage: namely it alleviates UV-mediated HF cytotoxicity
and dystrophy, HF keratinocyte apoptosis in the distal and central
ORS, and the increase of TGF-f2 expression in the proximal ORS.
Therefore, it is meaningful to integrate cosmeceuticals or
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